We generated defined alterations in poliovirus protein-processing substrates and assayed the effects of these alterations with an in vitro expression system. A complete cDNA copy of the poliovirus genome was inserted into a bacteriophage T7 transcription vector. Using this expression template, we produced RNA transcripts containing defined regions of the poliovirus capsid precursor polypeptide (P1) and RNA transcripts containing mutations in the P1 and P2 regions. In vitro translation of P1-derived transcripts allowed us to characterize the 3C-mediated cleavage of P1 to capsid proteins. We demonstrated that, for either posttranslational or cotranslational cleavage at any of the Q-G amino acid pairs within P1, almost the entire P1 precursor is required. We also examined the sequences involved in 2A-mediated processing of the Y-G site at the P1-P2 junction. We cleavage event has not been identified. The overlapping format of the poliovirus genome complicates efforts to study in vivo the effect of a mutation introduced into the poliovirus genome. Because of the precursor-to-product relationship, one mutation introduced into a specific site has the potential of altering several gene products. For example, a 3C mutation producing a novel phenotype of protein processing has been recently shown also to affect viral RNA synthesis (3). The in vitro system described below circumvents this complication and allows a detailed study of poliovirus protein processing.
Picornavirus RNA is a monocistronic message which is translated into a large precursor polyprotein. This polyprotein is cleaved into smaller, functional proteins during and after translation. For poliovirus, a member of the Picornaviridae, there are at least two known proteinases encoded in the genome which are responsible for these cleavages. The 2A proteinase cleaves the capsid precursor protein (P1) from the rest of the polyprotein soon after the ribosomes have translated through the 2A coding sequences (23) . The 2A proteinase cleaves the P1-P2 junction specifically at a tyrosine-glycine (Y-G) amino acid pair, as well as at a second Y-G pair in the P3 region. However, the 2A proteinase must recognize additional sequences surrounding the Y-G sites, since only 2 of the 10 Y-G pairs encoded in the polyprotein are cleaved. The second proteinase, 3C, cleaves the polyprotein specifically at glutamnine-glycine (Q-G) amino acid pairs to generate functional proteins (5) . The production of the mature 3C proteinase is thought to occur by an autocatalytic mechanism (6, 12) which would involve cleavage in cis of the Q-G pairs which flank 3C. It has been demonstrated that cleavage of several Q-G pairs by 3C proteinase can occur in trans for both poliovirus and encephalomyocarditis virus, another picornavirus (lOa, 13, 24) . Using the systems described below, we have previously demonstrated that the Q-G cleavage between P2-P3 and the Q-G cleavages which generate 2A, 2BC, 2C, VPO, VP3, and VP1 can all occur in trans. In a manner similar to cleavage by the 2A proteinase, the 3C proteinase must recognize additional sequences or conformations surrounding the Q-G pairs, since only 9 of the 13 pairs are cleaved. Specifically, the capsid precursor protein contains three Q-G amino acid pairs. However, only two pairs are cleaved such that VPO, VP3, and VP1 are generated. VPO is eventually cleaved to give the mature capsid proteins VP2 and VP4 during virion morphogenesis (1, 9) . The enzyme responsible for this * Corresponding author.
cleavage event has not been identified. The overlapping format of the poliovirus genome complicates efforts to study in vivo the effect of a mutation introduced into the poliovirus genome. Because of the precursor-to-product relationship, one mutation introduced into a specific site has the potential of altering several gene products. For example, a 3C mutation producing a novel phenotype of protein processing has been recently shown also to affect viral RNA synthesis (3) . The in vitro system described below circumvents this complication and allows a detailed study of poliovirus protein processing.
The system we developed for in vitro assays of poliovirus cleavage site mutations takes advantage of infectious cDNA clones of poliovirus genomic RNA (11, 17, 21) . The DNA copies of poliovirus RNA retain all of the biological properties required for initiating a productive infection when transfected onto primate cells in culture (11, 18, 21) and offer the advantage of genetic manipulation of the poliovirus genome. To synthesize defined transcripts of poliovirus RNA, wild-type or altered cDNA clones of poliovirus were inserted into a vector containing the bacteriophage T7 promoter. T7 RNA polymerase was used to synthesize poliovirus-specific RNA from the cDNA templates. The in vitrosynthesized RNA was subsequently assayed in an in vitro translation reaction for production of poliovirus-specific proteins. Translation and processing of the wild-type and altered poliovirus precursor polypeptides were then analyzed by polyacrylamide gel electrophoresis. By using both an in vitro transcription system and an in vitro translation system, no infectivity of the cDNA clones or the RNA derived from these clones was required. The two in vitro systems allow analysis of poliovirus translation and proteolytic processing independently from other viral processes.
In the present study, we used the in vitro systems de- Construction of transcription vectors. Construction of the general transcription vector has been previously described (24) . pT7-1 contains the entire poliovirus genome, which was inserted into the pGEM-1 cloning vector (Promega Biotech) and represents the template for in vitro synthesis of T7-1 (wild type, unmodified) RNA. (Note that RNA transcribed from a template will be referred to by the template name without the p prefix.) pT7-1 (lin PstI), pT7-1 (lin HaeII), pT7-1 (lin XbaI), pT7-1 (lin SnaBI), pT7-1 (lin BstEII), pT7-1 (lin NdeI), and pT7-1 (lin HincII) are transcription templates resulting from linearizing the pT7-1 template with the respective restriction endonuclease. PstI and HaeII linearize the transcription template within the VP3 coding region. XbaI, SnaBI, BstEII, and NdeI linearize the transcription template within the VP1 coding region. HincIl linearizes the transcription template within the 2B coding region, leaving the coding region for 2A proteinase intact (see Fig. 1 pT7-1 (2C:SacI) contains four-amino-acid insertion (ProSer-Ser-Asp) in 2C. This mutation was constructed by inserting a Sacl linker (C-G-A-G-C-T-C-G) into the BamHI site at poliovirus nucleotide 4600. This insertion was introduced into a subgenomic poliovirus clone and ultimately cloned into pT7-1 as was pT7-1 (2C:EcoRI).
pT7-1 (P1:ANS) lacks the carboxy-terminal portion of VPO, all of VP3, and the amino-terminal portion of VP1 but maintains the polyprotein reading frame. This plasmid was constructed by digesting pT7-1 with NruI and SnaBI to delete the sequence 1172 to 2954 and then religating with T4 ligase.
In vitro transcription with T7 RNA polymerase. Before transcription, the DNA template was linearized with the appropriate restriction endonuclease. Transcription reactions were carried out, as previously described (24) , with T7 RNA polymerase. Transcription reactions were extracted with phenol-chloroform and precipitated by addition of ammonium acetate to 2.5 M and 2 volumes of ethanol.
In vitro translation of transcripts derived from altered cDNA. Translation reactions were carried out at 30°C in rabbit reticulocyte lysate supplemented with an extract from uninfected HeLa cells. Some of the reactions were subsequently incubated with infected HeLa cell extract (see below). HeLa cell extract preparation has been previously described (2, 20) . Both uninfected and infected HeLa cell extracts were made mRNA dependent by treatment with micrococcal nuclease (14) . Translation reactions were carried out as previously described (24) . If the reactions were to be incubated with infected HeLa cell extract, the final RNA concentration in the translation reaction was 10 ,ug/ml. The translation reaction was terminated after 3 h by addition of cycloheximide and pancreatic RNase at 5 and 10 ,ug/ml, respectively. Either 3 ,u1 of the lysis buffer used for cell extract preparation or 3 RI1 of infected-cell extract was added to 10 p.1 of the translation reaction, and incubation of the mixture was continued at 30°C for 1 h.
In a cotranslation experiment, T7-P3 transcripts were added to a 5-,u translation reaction mixture at a final concentration of 4.0 ,ug/ml and allowed to program the synthesis of P-3-derived proteins for 1 h. Transcripts derived from the linearized pT7-1 template were added to a 5-,ul translation reaction mixture at a final concentration of 20 ,ug/ml and incubated for 5 min at 30°C before its addition to the translation reaction mixture programmed with T7-P3 RNA at the 1-h time point. The translation reaction containing both transcripts was allowed to continue for 3 h. Translations programmed solely with RNA derived from the linearized pT7-1 template or T7-P3 RNA were incubated for 3 h at 30°C. Translation was terminated by addition of RNase.
All translation reaction mixtures were diluted with Laemmli sample buffer and subjected to electrophoresis on a 10% polyacrylamide gel containing sodium dodecyl sulfate. After fluorography, the gel was exposed to XAR-5 film. which the respective restriction endonuclease cleaves is indicated in parentheses. The location of the genomic alterations in templates pT7-1 (P1:ANS), pT7-1 (2C:EcoRI), and pT7-1 (2C:SacI) are indicated in panel B. pT7-1 (P1:ANS) was constructed by deleting the NruI-SnaBI fragment from poliovirus nucleotides 1172 to 2954. pT7-1 (2C:EcoRI) and pT7-1 (2C:SacI) were both generated by insertion of a linker at the BamHI site at poliovirus nucleotide 4600. The 2C protein resulting from either linker insertion has four additional amino acids.
rus mRNA that can subsequently be used to program an in vitro translation system, we cloned a complete cDNA copy of the poliovirus genome into plasmid pGEM-1 (24) . The resulting transcription vector, pT7-1, (see Fig. 3 ), contained a bacteriophage T7 promoter 5' to the poliovirus sequences and a polylinker containing a SacI site 3' to the poliovirus sequences. pT7-1 represents the template used for in vitro synthesis of wild-type (unmodified) poliovirus RNA, as well as the vector which is linearized within the poliovirus coding sequences to produce truncated transcripts. Insertion and deletion of sequences in pT7-1 generated several templates, which are discussed below.
Both wild-type and altered transcripts can be used to program an in vitro translation system to direct synthesis of poliovirus-specific polypeptides. Our interest in these studies was to determine the sequences required for cleavage of the capsid polyprotein precursor to capsid proteins, as well as to determine the sequences required by 2A proteinase to cleave the P1-P2 junction. To study the sequences required for 3C-mediated proteolytic processing of the capsid precursor, pT7-1 was linearized at several sites within the P1 coding region (Fig. 1A ). pT7-1 (lin PstI) and pT7-1 (lin HaeII) templates contain the coding sequences for VPO and a portion of VP3. pT7-1 (lin XbaI), pT7-1 (lin SnaBI), pT7-1 (lin BstEII), and pT7-1 (lin NdeI) templates contain the coding sequence for VPO and VP3 and an increasing amount of the coding sequences for VP1. To observe in vitro 3C-mediated cleavage of an authentic P1 precursor, pT7-1 was linearized at the HincII site within 2B (Fig. 1A) . The pT7-1 (lin HincII) template contains the coding region for P1, 2A proteinase, and a portion of 2B. We also generated two pT7-1 derivatives which contain four-amino-acid insertions in 2C. Plasmids pT7-1 (2C:EcoRI) and pT7-1 (2C:SacI) are shown in Fig. 1B . To study the P1 sequences required for 2A-mediated proteolytic processing at the P1-P2 junction, we generated pT7-1 (P1:tANS) (Fig. 1B) . T7-1 (P1:ANS) RNA contains the coding region for all of the P2 and P3 proteins but only the coding region for the amino-terminal portion of VPO and the carboxy-terminal portion of VP1.
In vitro translation of Pl-derived RNAs defines the sequences required for posttranslational cleavage of P1 to capsid proteins. RNAs were derived from poliovirus cDNA linearized at the restriction endonuclease recognition sites indicated in Fig. 1A . These transcripts were used to program in vitro translation in the presence of [35S]methionine. For in vitro translation of poliovirus RNA, we used rabbit reticulocyte lysate supplemented with an extract (S-10) from uninfected HeLa cells. Supplementation of the lysate with HeLa cell S-10 was necessary because in vitro translation of poliovirus RNA in rabbit reticulocyte lysate results in aberrant polypeptides produced as a result of internal initiation of protein synthesis at several sites on the viral genome (4, 15) . Addition of HeLa cell S-10 extract to reticulocyte lysate provides factors that suppress these internal initiation events and/or direct ribosomes to the authentic 5'-proximal initiation codon at nucleotide 743 on the poliovirus genome (2, 4) . The virus-specific polypeptides produced by in vitro translation of our in vitro synthesized poliovirus RNAs are shown in Fig. 2 (Fig. 1A) . A translation reaction programmed with this RNA is shown in Fig. 2 10, and 12) . These proteins contained all of VP0, all of VP3, both the VP0-VP3 and VP3-VP1 Q-G cleavage sites, and increasing amounts of VP1 amino acid sequences. Addition of the infected-cell extract (lanes 9, 11, and 13) did not result in cleavage of these proteins to VP0, VP3, and a truncated version of VP1. Clearly, even though all of the VP3 sequences were present, the VPO-VP3 Q-G cleavage did not occur. The cleavage between VP3 and VP1 also did not occur when the infectedcell extract was added to the translation reaction mixture.
Generation of a recognizable VP3-VP1 cleavage site did occur after translation of a T7-1 (lin NdeI) transcript (Fig. 2,  lane 14) . The proteinase activity cleaved at all of the P3 Q-G bonds normally cleaved in the in vitro translation system.
Translation of P1-derived RNAs in the presence of T7-P3-generated 3C proteinase activity is shown in Fig. 4 . In a translation reaction programmed with equimolar amounts of T7-P3 RNA and P1-derived RNAs, T7-P3 RNA translated more efficiently, possibly because of more efficient ribosome binding of this genetically altered mRNA. Therefore, the T7-P3 transcript was incubated in the translation reaction for 1 h to generate 3C proteinase activity, and then the P1- These results imply that the carboxy-terminal portion of the P1 precursor is required to allow P1 to assume a conformation that renders both the VPO-VP3 and VP3-VP1 Q-G sites recognizable by the 3C proteinase activity in the infectedcell extract. However, it is possible that processing of P1 proteins occurs most efficiently while the P1 protein is still being synthesized on the ribosomes. Perhaps the cleavage products were not observed because 3C proteinase activity was not present during protein synthesis. To test this possibility, P1-derived transcripts were translated in the presence of 3C proteinase activity. The source of cotranslational 3C activity was generated from a poliovirus cDNA deletion plasmid containing 3C proteinase sequences. This plasmid, pT7-P3 (Fig. 3) , contains the coding sequences for all of the P3-derived proteins and a portion of VPO and 2C. It was constructed by deleting most of the P1 and P2 coding sequences from pT7-1, as detailed in Fig. 3 . The protein products from an in vitro translation reaction programmed with pT7-P3-derived RNA are shown in Fig. 4 Fig. 2 . The reactions were programmed as follows (lanes): 1, no RNA; 2, PV1 virion RNA; 3, T7-1 RNA; 4 and 5, T7-1 (2C:EcoRI) RNA; 6 and 7, T7-1 (2C:SacI) RNA; 8 and 9, T7-1 (lin HincIl) RNA; 10 and 11, T7-1 (P1:ANS) RNA. Lanes 2, 3, 4, 6, 8, and 10 received lysis buffer, and lanes 1, 5, 7, 9, and 11 received infected-cell extract after translation was terminated. The samples and markers (M) were prepared for electrophoresis as described in the legend to Fig. 2 . The arrow indicates a ca. 30-kDa protein immunoprecipitated with antisera specific for VP4 and VP1.
derived transcript was added to the translation reaction mixture at a fivefold molar excess. Both transcripts were then translated simultaneously for an additional 3 h (see Materials and Methods). Figure 4 , lane 4, shows the 66-kDa translation product of a reaction programmed with T7-1 (lin XbaI) RNA. When both the T7-P3 and T7-1 (lin XbaI) RNAs were used to program a single translation reaction, five major protein products appeared. The 66-kDa protein was programmed by the T7-1 (lin XbaI) transcript, and the other four bands correspond to proteins programmed by the T7-P3 transcript (lane 5). No cleavage of the 66-kDa translation product to its processing products (VPO, VP3, and a truncated VP1) occurred, despite the presence of 3C proteinase activity in the translation reaction mixture. Similarly when the T7-1 (lin SnaBI) and T7-1 (lin BstEII) transcripts were translated in the presence of 3C proteinase activity, no cleavage of the truncated P1 precursor to capsid proteins occurred (lanes 7 and 9). T7-1 (lin PstI) and T7-1 (lin HaeII) transcripts were also translated in the presence of 3C proteinase activity. However, no cleavage of the P1 precursor into capsid protein products was observed (unpublished data). The translations of T7-1 (lin NdeI) and T7-1 (lin Hincll) transcripts in the presence of 3C proteinase activity are shown in Fig. 4, lanes 11 and 13. As expected, processing of both the truncated P1 precursor and the authentic P1 precursor into capsid proteins occurred. These results clearly demonstrate that the carboxy-terminal portion of VP1 is required to allow P1 to assume a recognizable substrate conformation for 3C proteinase activity and imply that P1 processing to capsid proteins is posttranslational (presumably after P1-P2 cleavage by 2A).
Effects of specific insertions and deletions on 2A-and 3C-mediated processing. In a further attempt to define the structural requirements of substrates for 2A-and 3C-mediated protein processing, we analyzed the products of in vitro translation of transcripts derived from two poliovirus templates, each containing a four-amino-acid insertion in protein 2C. The translation products derived from a T7-1 (2C:EcoRI) transcript are shown in Fig. 5 , lane 4. Note that the pattern of translation products produced by T7-1 (2C:EcoRI) RNA was virtually identical to the pattern of products produced by virion-derived and T7-1 RNA transcripts. The amino acid insertion (Arg-Asn-Ser-Asp) did not alter production of P1 by 2A proteinase or cleavage of Q-G sites by 3C proteinase. However, the insertion did result in a minor shift in the electrophoretic mobility of the P2 proteins. The altered P2, 2BC, and 2C proteins (lane 4) migrated more slowly than the authentic proteins (lane 3). Addition of the infected-cell extract to the translation reaction programmed by T7-1 (2C:EcoRI) RNA (lane 5) did not result in production of any new proteins. We also carried out in vitro translation of RNA derived from a cDNA clone containing a Sacl linker insertion in the 2C coding region. Note that the pattern of translation products produced by T7-1 (2C:SacI) RNA (Fig. 5, lane 6) was nearly identical to the pattern of products produced by wild-type transcripts. However, there was a large electrophoretic mobility shift for the proteins containing 2C sequences (P2, 2BC, and 2C), indicating that the amino acid insertion (Pro-Ser-Ser-Asp) significantly altered the conformation of these proteins. Such an alteration did not affect 2A-mediated processing of the P1-P2 junction or any of the Q-G cleavages performed by 3C proteinase. Addition of the infected-cell extract to the translation reaction did not generate additional cleavage products (Fig. 5, lane 7) . The complete processing of polypeptides containing the amino acid insertions in 2C indicates that these alterations of 2C did not alter 2A function or the ability of 3C to recognize the Q-G sites within P1, the Q-G sites flanking 2C, or any other Q-G sites in the polyprotein.
To determine the P1 sequence required for 2A-mediated cleavage at the P1-P2 junction, we analyzed the products of in vitro translation of transcripts derived from pT7-1 (P1:ANS). The coding sequences for the carboxy-terminal portion of VPO, all of VP3, and the amino-terminal portion of VP1 were deleted in this construct (including all three Q-G pairs present in P1). (Fig. 5, lanes 10 and 11, arrow) , which was produced in the T7-1 (P1:ANS) translation reaction, was immunoprecipitated with antisera specific for VP4 and VP1 (unpublished data) and was the size expected for a P1 protein containing the NruI-SnaBI deletion. If the P1-P2 cleavage had not occurred during translation, a fusion protein containing the 2A and altered P1 sequences would have been produced. The absence of this fusion protein (estimated molecular mass, 50 kDa) indicated that the P1-P2 cleavage was made efficiently by 2A proteinase. Addition of the infected-cell extract did not produce new cleavage products in the T7-1 (P1:ANS) translation reaction (Fig. 4, lane 11) . Complete processing of the polypeptide produced by T7-1 (P1:ANS) RNA also demonstrated that an alteration in P1 did not affect the 3C-mediated cleavages of the P2 and P3 precursors. It has been suggested that the P1-P2 cleavage occurs before the entire poliovirus transcript has been translated and perhaps immediately after the ribosome has trasversed the coding sequences for the amino-terminal portion of P2 (23 (7, 10, 19) . Each contains a core consisting of an eight-stranded antiparallel P-barrel structure with two flanking helices. VP4 does not contain this structure. However, the VP4 sequences do not prevent formation of the P-barrel structure contributed by VP2 sequences in VP0. Cleavage of P1 to VP0, VP3, and VP1 forms the 6S protomer structure. The VPO-VP3 and VP3-VP1 Q-G sites are positioned between the three P-barrel domains, whereas the uncleaved Q-G amino acid pair in VP2 is located within the P-barrel structure and is shielded within the VP2 protein.
After capsid protein cleavage, the amino-terminal arms of VP0, VP3, and VP1 are closely intertwined within one protomer unit, and it is probable this arrangement corresponds to a 6S assembly unit (7, 16 (24) . Whereas the specific differences between these two mechanisms are unclear, it is attractive to speculate that one mechanism produces a proteinase containing 3C sequences which recognizes epitopes of the capsid proteins produced by the 1-barrel structure, whereas the other mechanism produces a proteinase which also contains 3C sequences but does not recognize Q-G sites in the context of the 13-barrel structure.
In the present study, we also examined the sequences involved in 2A-mediated processing However, because of the stability of the 1-barrel structure, the VP1 13-barrel structure may be formed before cleavage of P1 from P2. In this case, 2A would recognize the P1-P2 cleavage site in the context of the "tail" of VP1 and 2A sequences. Further investigation into these and other poliovirus proteinase-substrate interactions should be possible by additional manipulations of the in vitro system described in this report. 
